We show that a non-thermal electron distribution may change the nature of ion acoustic solitons. If the ions are assumed to respond as a fluid to perturbations in the potential, with no significant trapping in a potential well, then a thermal plasma only supports a solitary waves with a density peak. However, with a suitable distribution of non-thermal particles, solitary waves with both density peaks and density depressions may coexist. This may have applications to magnetosperic observations, where solitary structures with lowered densities have been observed in regions where the electron distribution is also seen to be non-thermal.
INTRODUCTION
Observations made by the Freja and Viking spacecraft [1,2] have shown solitary structures in the magnetosphere with density depressions, sometimes associated with an enhanced level of lower hybrid turbulence, in which case they may be explained as cavities produced by the ponderomotive force of the lower hybrid waves. However, in some cases the density depressions seem to exist without any associated turbulence. This latter class of events motivated the present study, in which it is shown that a nonthermal electron distribution may change the nature of ion acoustic solitary waves in such a way as to allow just such a structure. The structures we find involve only a simple fluid response of the ions and so differ fundamentally those found in some previous work on ion holes [3] which involve a Bernstein -Greene -Kruskal type of equilibrium in which trapped ions play an essential role while the electrons are assumed to be Maxwellian.
We begin by taking a particular example, in which the electron distribution has an enhanced population of energetic particles rather like that produced by quasilinear diffusion. Distributions of this type are observed in the magnetospere [4] . In a simple one dimensional theory, we show how the solitary wave structure changes. We then go on to discuss some more general criteria, by means of which an electron distribution function with a given parametric form can be analysed and the nature of Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995608 small amplitude solitary waves predicted, and conclude with a brief discussion of three-dimensional structures.
BASIC THEORY
We look at a simple one dimensional problem in which it is assumed that some stationary structure exists and that in its rest frame the potential is #(x). The ions will be taken to be cold. If the velocity of the solitary structure with respect to the ions is V,,, it follows in a straightforward way from the ion equation of motion and conservation of ion flux that the ion density is
Here no is the density outside the structure and, for simplicity, the ions are assumed singly charged so that this is also the electron density far from the solitary wave.
To model an electron distribution with a population of fast particles we take it to be of the form This distribution is shown in Fig. 1 for a =0.2, a value which we shall continue to use in numerical illustrations. The electron distribution shown in Fig. 1 is of a shape which might be expected if particles were being accelerated by quasilinear diffusion as a result of a spectrum of waves with phase veIocities in the region where the distribution has shoulders. We now assume that the velocity of the solitary wave is small compared to the electron thermal velocity and that the electrons take up an equilibrium distribution which is a function of their energy and is given simply by replacing in (2) with v 2 -9. It is convenient to introduce a dimensionless potential cp = 2, so that me m e 2 when we integrate over velocity to find the electron density the result is The problem is then analogous to particle motion in a potential V . The condition for existence of a solitary wave is that the origin be an unstable point and there be a potential well so that the "particle" which leaves the origin as x -+ --is reflected and returns to the origin as x + +-. In more technical terms, the unstable fixed point at the origin of the phase space of (5) should have a homoclinic orbit. If a = 0 the origin is a stable fixed point for Mach numbers less than one, and as M goes above one, a potential well develops on the positive cp side, giving solitary waves with a positive density perturbation. In this case there is never a potential well on the negative side. If we take a = 0.2 then the behaviour changes and now a potential well appears on the negative side, as shown in Fig.2 . With our definition of the Mach number, the critical value above which small amplitude oscillatory solutions go over to solitary wave solutions is 42 rather than 1. A different scale view of the potential, shown in Fig.3 , shows that there is a deeper potential well on the positive side. Thus, positive and negative solitary waves can coexist, with the positive wave being of much greater amplitude when we are just above the critical Mach number, as illustrated in Fig. 4 .
CRITERIA FOR NATURE OF SOLITONS
Some more general results can be obtained as follows. The nature of those solitons whose amplitude tends to zero as the Mach number tends to its critical value can be found by expanding the Sagdeev potential to third order in a Taylor series in q3 . The critical Mach number is that which corresponds to the vanishing of the quadratic term. If at the same time the cubic term is negative, then there is a potential well on the negative side and if the cubic term is positive, there is a potential well on the positive side. An expansion to third order of this sort corresponds, of course, to taking the equation of motion to second order. This is the order in which reductive perturbation schemes lead to a Korteweg-de Vries equation and it is easily shown that eqn. (4), when approximated to this order, leads to the familiar sech2 profile which is the steady state solution of the KdV equation. The co-existence of two types of soliton, as shown in Fig.3 , is , of course, only predicted if we go to higher order.
For our particular distribution function, the expansion of the Sagdeev potential around the origin is a -1 1
From this we see that the critical Mach number at which the second derivative changes sign is given by
and at this value the third derivative is negative if a > = 0.155. Thus we obtain, 3 + & in a simple way, a lower bound for the energetic population in our particular class of distributions in order that negative solitons may exist.
Another example which is a popular model in various applications and has been considered previously by other workers [6] is the double Maxwellian This only makes sense if the quantity under the square root sign is positive, which imposes the restriction that V 2 be between 0 and 0.101 or greater than 9.899. The two ranges reflect an obvious symmetry in the problem, where replacing V 2 with its inverse and a with 1-a gives the same form of distribution function. In the regime where small amplitude negative solitons exist, examination of the Sagdeev potential shows that larger amplitude positive solitons may also exist, as in our earlier example.
THREE DIMENSIONAL STRUCTURES
A very simple three dimensional analogue of these structures can be constucted by assuming that they are moving parallel to a strong magnetic field. If the ion Larmor radius is small compared to the size of the structure we can just consider the ions to be a beam flowing along the field lines ( in the rest frame of the structure ). The density then just depends on the potential as before.We assume also that the electrons have the same kind of adiabatic response and that the one dimensional distribution considered up to now is obtained by integrating over the parallel degrees of freedom.
d2@ .
In this case, the only change is that in Eqn. (4) -is replaced withv2@. Spherically 
CONCLUSIONS
We have shown that the structure of ion acoustic type solitary waves in a plasma can be modified in the presence of non-thermal electron distributions. If there are enough particles in an energetic tail then the standard compressive soliton found by small amplitude expansion techniques is changed into a rarefactive soliton. An analysis valid for arbitrary amplitude shows that in many cases a large amplitude compressive solitary wave can co-exist with the smaller amplitude rarefactive wave. Although we have assumed an electron distribution function which is a symmetrical function of velocity, this is not necessary. It is clear that doubling the hot electron component while confining it to one side of the distribution gives precisely the same electron density.
This analysis may be of relevance to observations in the magnetosphere of density depressions. A possible scenario is that lower hybrid turbulence produces, through modulational instability, cavities which collapse until the lower hybrid wave amplitude is sufficient to trap and accelerate a substantial number of electrons [7, 8] .
The damping of the turbulence could then leave a cavity and also create just the kind of energetic electron population necessary for it to live on as an ion acoustic solitary structure no longer supported by the ponderomotive pressure of the high frequency turbulence. However, the type of electron distribution we have looked at is common to many space and laboratory plasmas in which wave damping produces an electron tail, so the theory may be of more general interest.
